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Abstract 
Adsorption of Au(III) has been studied for an Au/Cu binary system on quaternary ammonium-silica hybrid material (HAKS) in a 
batch system. HAKS used has 91,478 Ǻ pore diameter and has been synthesized by methylation reaction of amino-silica hybrid 
(HAS). Adsorbed metal ions were analyzed by AAS spectrophotometer and materials which have been interacted with the 
Au(III) were characterized by XRD. Adsorption of Au(III) was carried out as function of pH, contact time, and adsorbate 
concentration. Adsorption kinetics was determined by pseudo second order, Langmuir-Hinshelwood and Santosa model, while 
the adsorption isotherm is analyzed by the Langmuir and Freundlich models. Selective adsorption of Au(III) in binary Au/Cu 
system on HAS and HAKS is effective at pH 3. Adsorption kinetics studies showed that the adsorption of Au(III) on HAS and 
HAKS fits to pseudo second order model with adsorption rate constant of 31.89 and 2.08 mg g-1 min-1. Both materials show a 
linear plot of Langmuir isotherm models with adsorption capacity on HAKS lower (7.09 mg/g) than on HAS (63.25 mg/g). 
HAKS also showed no higher selectivity coefficient for Au(III) toward Cu(II) than the HAS.  
Keywords: adsorption, silica gel, quaternary ammonium, Au(III), Cu(II) 
1. Introduction 
Rice husk is one of rice cultivation waste. Typically, 20-30% of rice husk obtained from rice milling process. 
Rice husk contains about 75% organic volatile matter and 25% ash. Rice husk ash contains silica in the form of SiO2 
about 85-95%1. Therefore, it is feasible to use rice husk as raw material for producing silica-based material, one of 
them is silica gel.  
Silica gel is a material that has a surface active sites namely silanol groups (Si-OH) and siloxane groups (Si-O-
Si), good mechanical stability, porosity and large surface area. Therefore, silica gel can be used as an adsorbent, 
particularly as an adsorbents of metal ions, both to removal of heavy metals or recovery of precious metals, such as 
gold ions. 
Silica gel has the disadvantage caused by the weak interaction of metal ions with silica surface. So it is necessary 
to modify the surface of silica gel with organic functional groups containing electron donor atoms such as N or S3. 
Surface modifications with the N atom, is generally carried out using amino group produce amino-silica hybrid 
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(HAS). HAS synthesis can be performed using a sodium silicate solution, which is extracted from rice husk ash, by 
sol-gel method in which the process is relatively simple2,3.  
Amino group on HAS is protonated in acidic conditions, so its interaction with Au(III) ion, which is dominant in 
the form of >AuCl4@-, will be greatly influenced by pH of system. According to Sakti (2010)4, adsorption of [AuCl4]- 
on HAS optimum at pH 3. Conversion of amine group to quaternary ammonium is expected to increase the 
effectiveness of adsorption in the pH range studied. Quaternary ammonium (-N+) is the group where its positive 
charge tends to be stable regardless of pH of the system. Quaternary ammonium groups can be prepared by reacting 
the amino group on the HAS with excess alkyl halide and a base in the SN2 mechanism producing quaternary 
ammonium-silica hybrid (HAKS)5,6,7,8. This research studied the adsorption behaviour of HAKS to Au(III) in a 
binary system of Au/Cu, and then compared with the HAS. The parameters studied were the effects of pH, contact 
time and adsorbate concentration and also adsorption selectivity. Equations used to study the adsorption kinetics 
were pseudo-order 2 and Langmuir-Hinshelwood models, while adsorption isotherm were studied through Langmuir 
and Freundlich isotherm models. Selectivity of adsorption of Au(III) to Cu(II) was represented by D (distribution 
coefficient) and D (selectivity).  
2. Materials and Methods 
2.1. Materials 
Adsorbent HAS (pore diameter: 72.428 Ǻ; specific surface area: 97.223 m2/g) and HAKS (pore diameter: 91.478 
Ǻ; specific surface area: 97.384 m2/g)  were prepared based on Istiningrum (2013)8, Au(III) 500 ppm and Cu(II) 
1000 ppm as stock solution, NaOH and HCl 0.1-3 M. 
  
2.2. Adsorption of Au(III) ion in Au/Cu system 
pH variation. A 0.025 g of HAS and HAKS were added to 10 mL of Au(III) 50 mg/ L/ Cu(II) 50 mg/L at pH 1-
5. Variations in pH of the solution is done by using NaOH and HCl with a concentration of 0.1 to 3 M. The mixture 
was then stirred for 1 hour and then centrifuged at 2000 rpm for 15 minutes. Supernatant was taken and then the 
content of Au(III) and Cu(II) was analyzed using AAS. 
Contact time variation. Adsorption was done the same as the pH variation procedure, but a solution of Au(III) 
used is a solution with a pH optimum obtained in step variation of pH. The stirring time was varied as follows: 5, 
10, 20, 30, 60, 90, 120, 180 and 240 minutes. 
Concentration variations. Adsorption was the same as in the previous procedure but the solution of Au(III) was 
varied as follows: 50, 100, 150, 200, 250 mg/L. Solution was made at an optimum pH and stirring conducted during 
optimum time. 
Selective adsorption. Selective adsorption was carried out using a mixture of a solution of Au(III) and Cu(II) 
with the concentration of Au(III)/Cu(II) is 0.5 M/2.5 M. Adsorption was performed at optimum pH and contact time 
of each adsorbent. 
3. Results and Discussions 
3.1. pH variation 
From Figure 1. it can be concluded that the ideal pH for the selective adsorption of Au(III) in the Au/Cu system 
is pH 3 for HAS and HAKS, where the adsorption percentage of Au(III) is maximum while the Cu (II) is minimum. 
Thus, it can be obtained high selectivity adsorption of Au(III) to Cu(II). pH 3 was subsequently used as a condition 
to the study of kinetics, isotherm and selectivity adsorption. 
In the acidic medium, the amino group of HAS will be protonated to form a primary ammonium ion (-NH3)
+. It 
encourages Au(III ) adsorption, which is dominant in the form of >AuCl4 @- in the acidic pH, through strong 
electrostatic interactions8. With increasing pH > 5, amino group will gradually deprotonated, the surface density 
(quantity of charge per unit area is distributed on the surface) will drop drastically which eventually cause a decrease 
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in the attractive electrostatic interactions between the adsorbent and Au (III). Adsorption process can be described 
by the following reaction9.  
 
R-NH2 + H
+Cl-  o  R-NH3+Cl-  
R-NH3
+Cl- + AuCl4
-  o  R-NH3+AuCl4- + Cl-  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Effect of pH on Au(III) and Cu(II) adsorbed on: a) HAS, b) HAKS 
 
Positive charge on the quaternary ammonium group is constant, so it does not depend on the pH of the system. 
This can be seen especially at pH 3-5 where the percentage of Au(III) adsorbed relatively constant. At pH 1-2, very 
low percentage of adsorption for both adsorbents were caused by the high concentration of Cl- ions as competitors 
ions in interaction with active site. 
Adsorption of Cu(II), which remained high at pH 4-5 on HAKS showed that the adsorption of Cu(II) and 
>AuCl4@- occur at different sites. Positive charge is occupied by AuCl4- through electrostatic interactions, while the 
Cu(II) occupied -OH group of silanol which at pH 4-5 start undergo deprotonation, thus electrically neutral and can 
interact with Cu(II) through coordination covalent bonds. Adsorption of Cu(II) is low at low pH due to the 
protonated silanol-OH groups to form a positive charge –OH2+, causing repulsion between the positive charge of the 
adsorbent and Cu2+. In the aqueous medium, ions Cu(II) have a tendency to form aquo octahedral complexes, 
>Cu(H2O)6@2+. The presence of H2O ligands bound to Cu(II) allows the hydrogen bond between the oxygen atom of 
the ligand H2O with H atom of silanol groups (-Si-OH). Hydrogen bonding may also occur between H atoms in H2O 
ligands with O atoms in the siloxane groups (Si-O-Si)4.  
Figure 2. shows diffractogram of adsorbents interacted with Au(III) which indicate the presence of a new peaks. 
The new peaks in HAS appeared at 2T 37.94˚, whereas in HAKS at 34.08˚; 37.98˚ and 44.16˚. These peaks 
correspond to the diffractogram of humic acids that have been interacted with the Au(III) which shows that the 
Au(III) is reduced to Au (0). In that study, the presence of Au (0) reinforced with a microscope photo that shows the 
golden colored agglomeration. 
According to Mohammadnejad (2013)10, hydroxyl groups of silanol have a greater electronegativity than gold so 
it is not possible to transfer electron from silanol to complex >AuCl4 @-. Surface defects are considered have role in 
the formation of interfacial bonding at the silicate surface where the surface defect may occur due to mechanical 
processes such as cleavage, breaking, grinding and gamma radiation. 
When the silicate material mechanic-chemically activated covalent siloxane bonds {Si-O-Si{ will break up and 
form reactive sites (free radicals or ions). Homolitic cleavage of siloxane produce silyl radicals {Six  and {Si-Ox  
while heterolitic cleavage produce ions {Si+ and Si-O- where {Si-O- radical is the most stable. Mohammadnejad 
(2013)10 proposed a mechanism of adsorption and electrochemical deposition of Au(III) on the surface of the silicate 
material without the addition of reductor through the three steps as follows: 
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1. Electrostatic interaction between > AuCl4@- with protonated silanol 
2. >AuCl4@- chemically adsorbed on defect sites through substitution of the chloride ligand by hydroxyl groups on 
the surface of the silicate 
3. Reduction of Au (III) to Au (0) by a reducing agent that is in a defect site on the surface of silicate 
6 {Six  + 2Au3+ + 3H2O o 3Au0 + 3O2 + 6H+ + 3{Si-O-Si{ 
 
Fig. 2.  Difractogram of adsorbent after interaction with:  a) HAS, b) HAKS 
 
3.2. Variation of contact time  
 
From Figure 3. it can be concluded that the adsorption of Au(III) by HAS to go faster than HAKS did. In HAS 
adsorption optimum takes place on the first 10 minutes while the HAKS optimum adsorption occurs at 240 minutes 
(4 hours). The kinetics parameters well presented in Table 3. 
 
 
 
 
  
     
 
 
 
 
 
 
 
 
 
 
 
 
Fig.. 3.  Effect of contact time to: Au(III) adsorbed, b) Cu(II) adsorbed, in Au/Cu system 
 
 
 
 
 
a) b) 
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              Table 1. Kinetics parameters of Au(III) and Cu(II) adsorption 
Kinetic Model Au(III) Cu(II) 
HAS HAKS HAS HAKS 
Pseudo orde 2     
R2 1 0.980 0.879 0.866 
k (g mmol-1 min-1) 31.888 2.080 13.189 0.188 
Langmuir-Hinshelwood     
R2 0.499 0.823 0.586 0.440 
k (min-1) 0.001 0.003 5x10-5 9.6x10-5 
K (L/mol) 16.09 6.665 1.251 1.130 
The data in Table 1. show that the Au(III) adsorption fits to pseudo-order 2 model, either by HAS or HAKS 
adsorbent. It is corresponds to a value of R2 that is close to 1. Pseudo second-order kinetic model is based on the 
assumption that the chemisorption is the rate determining step in the adsorption where metal ions attach to the 
surface of the adsorbent through the formation of chemical bonds11,12.  
Pseudo second-order kinetic analysis shows the rate constant value of Au(III) adsorption, k, is much larger on 
HAS than on HAKS. Conversion amino group to quaternary ammonium cause the pore diameter becomes larger, 
but the pores are occupied by methyl groups which are bulky so hinder the active site toward adsorbate which 
eventually led to a slower adsorption rate. 
 
3.3. Adsorption Isotherm 
 
From Table 2. It can be seen that all the Au(III) adsorption data followed the Langmuir isotherm models with 
R2 values close to 1. It can be concluded that the adsorption of Au(III) on HAS and HAKS is monolayer adsorption 
on the homogeneous active sites. From the adsorption energy data, adsorption of Au(III) involves an energy of about 
27.85 to 30.21 kJ/mol with a tendency of HAS adsorption energy value greater than HAKS. According to Adamson, 
adsorption energies > 20 kJ/mol indicates that the occurring adsorption is chemisorption. 
                              Table 2. Parameters of isotherm Au(III) adsorption in Au/Cu system 
Model isotherm 
Au(III) Cu(II) 
HAS HAKS HAS HAKS 
Langmuir     
R2 0.998 0.987 0.976 0.772 
qmax (mg/g) 62.64 42.55 8.78 1.93 
KL (L/mg) 0.926 0.358 0.012 0.017 
RL 0.012 0.030 0.357 0.291 
Eads (kJ/mol)  30.21 27.85 16.64 17.40 
Freundlich     
R2 0.703 0.718 0.978 0.619 
KF (mg/g) 28.69 17.08 1.20 58.99 
n 4.369 4.519 2.655 1.833 
Adsorption capacity of Au(III) on HAS is higher than HAKS such as 62.64 mg/g and 42.55 mg/g. Methylation 
process of amino group to quaternary ammonium causes the pore diameter increases, but the pore space is filled by a 
methyl group that is more bulky than H atoms, making >AuCl4 @- difficult to interact with the positive charge on the 
N atom of quaternary ammonium groups. 
 
3.4. Selective adsorption of Au(III) in Au/Cu system 
 
Based on the data in Table 3., it can be seen that both HAS and HAKS has a high selectivity towards Au(III) that 
are indicated from D value which is larger than 1. D values > 1 indicate that Au(III) is preferably or have a greater 
affinity than Cu(II) so that the adsorption of Au(III) is not affected by the presence of Cu(II). 
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           Table 3.  Selectivity of  HAS and HAKS toward Au(III) in Au/Cu system 
Co (mmol/L) Ce  (mg/L) Q (mg/g) D (L/g) DAu/Cu 
Au Cu Au Cu Au Cu Au Cu 
HAS 
0.5 2.5 0.20 111.22 29.259 27.27 148.33 0.25 605.03 
HAKS 
0.5 2.5 0.79 103.07 29.491 30.96 37.38 0.30 124.42 
  
 
Table 3. also shows that the value of D Au/Cu is much higher for HAS than HAKS. It is associated with the DAu 
value of HAS is also higher than HAKS, on the other hand DCu value of HAS for about the same as HAKS. 
Distribution coefficient values, D,  indicate the ability of the material to withstand metal ions and also shows the 
movement extent of metal ions in the solution phase13. High D value indicates a high affinity of material to metal 
ions and the low mobility of metal ions in solution14. HAKS showed a low value of DAu is likely due to the positive 
charge on the N atom in the quaternary ammonium groups covered by methyl groups that are less robust in resisting 
ion >AuCl4@-. This is supported by the value of the adsorption energy Au(III) on HAKS lower than in HAS. 
Conclusions 
Adsorption of Au(III) in the Au/Cu system on HAKS is effective at pH 3-5 with  high selectivity of Au(III) 
adsorption to Cu(II) at pH 3. The rate of adsorption of Au(III) in the Au / Cu system on HAS is much higher than on 
HAKS as well as the adsorption capacity Au (III) by HAS higher than by HAKS. HAKS can maintain adsorption 
high selectivity of Au(III) to Cu (II) although the selectivity coefficient values lower than the HAS. 
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